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Abstract
The purpose of the current investigation was to determine if an exercise-mediated upregulation of nuclear and mitochondrial-encoded genes targeted by the transcriptional coactivator peroxisome-proliferator-activated receptor gamma co-activator-1 alpha occurs in a systematic manner following different exercise intensities in humans. Ten recreationally active males (Age: 23 ±3 yrs; VO 2 peak: 41.8 ±6.6 mL/kg/min) completed two acute bouts of work-matched interval exercise at ~73% (LO) and ~100% (HI) of work rate at VO 2 peak in a randomized cross-over design. Muscle biopsies were taken before (Pre), immediately after (Post), and 3 hours into recovery (3hr) following each exercise bout. A main effect of time (p<0.05) was observed for glycogen depletion. PGC-1α mRNA increased following both conditions and was significantly (p < 0.05) higher following HI compared to LO (PGC-1α, LO: +442% vs. HI: +845%;). PDK4 mRNA increased following LO whereas PPARα, NRF1, and CS increased following HI. However, a systematic upregulation of nuclear and mitochondrial-encoded genes was not present as TFAM, COXIV, COXI, COXII, ND1 and ND4 mRNA were unchanged. However, changes in COXI, COXII, ND1and ND4 mRNA were positively correlated following LO and COXI, ND1, and ND4 were positively correlated D r a f t
Introduction
Peroxisome-proliferator-activated receptor gamma co-activator-1 alpha (PGC-1α) is a transcription co-factor that is frequently designated as the 'master regulator of mitochondrial biogenesis' (Puigserver et al. 1998 , Safdar et al. 2011 , Scarpulla 2011 . As a transcriptional coactivator, PGC-1α interacts with and co-activates numerous transcription factors and nuclear receptors that subsequently bind to the promoters of both PGC-1α itself (Handschin et al. 2003) and nuclear-encoded mitochondrial genes to increase their expression (Scarpulla 2011 ).
Specifically, PGC-1α co-activates nuclear respiratory factor-1 (NRF1), NRF2 (Wu et al. 1999 ), myocyte enhancer factor 2 (MEF2) (Handschin et al. 2003) , estrogen-related receptors (ERR's) and thyroid receptor (Puigserver et al. 1998) . Importantly, NRF1 and NRF2 activate the mitochondrial transcription factor A (TFAM) promoter, a nuclear-encoded factor that translocates to the mitochondria and initiates the transcription and replication of mitochondrial DNA (mtDNA) (Virbasius and Scarpulla 1994 , Wu et al. 1999 , Ramachandran et al. 2008 ).
Therefore, PGC-1α is believed to play a central, albeit non-obligatory (Leick et al. 2007 , Rowe et al. 2012 , role in coordinating the regulation of nuclear and mitochondrial-encoded gene expression necessary for mitochondrial biogenesis.
In response to acute exercise, the transcriptional activity of PGC-1α is believed to be increased in part as a result of changes in its sub-cellular localization (Wright et al. 2007 , Little et al. 2010 , 2011 , Safdar et al. 2011 . Specifically, PGC-1α translocates to the nucleus where it increases the expression of nuclear-encoded mitochondrial genes following acute contractile activity in mice (Wright et al. 2007 , Safdar et al. 2011 and following endurance and highintensity interval training in humans (Little et al. 2010 (Little et al. , 2011 . In addition, acute endurance exercise induces the translocation of PGC-1α to the mitochondrial matrix in mice (Safdar et al. D r a f t 2011) and humans (Smith et al. 2013) where it complexes with TFAM to increase mitochondrialencoded gene expression (Safdar et al. 2011) . Collectively, these findings suggest that PGC-1α
coordinates the integrated induction of mitochondrial biogenesis in response to acute exercise via its redistribution to the nucleus and mitochondria; a hypothesis that is supported by the systematic upregulation of mitochondrial-and nuclear-encoded genes following acute exercise in mice (Safdar et al. 2011) . Surprisingly, while the expression of both nuclear-and mitochondrialencoded genes are acutely up-regulated following supramaximal interval exercise in humans (Psilander et al. 2010 , Little et al. 2011 , genes targeted by PGC-1α are not systematically increased following lower intensities of exercise (Barrès et al. 2012 , Popov et al. 2015 . These results raise the possibility that the coordinated induction of nuclear and mitochondrial gene expression may only occur in human skeletal muscle following intensities of exercise where activation of PGC-1α is high. Given that the expression of PGC-1α increases in an intensity-dependent manner up to VO 2 peak (Egan et al. 2010 , Nordsborg et al. 2010 , Edgett et al. 2013 , it is reasonable to hypothesize that if a coordinated expression of nuclear-and mitochondrial-encoded genes targeted by PGC-1α occurs in human skeletal muscle, it likely occurs following near-maximal intensity exercise.
Therefore, the purposes of the current investigation were to determine: 1) if the exercisemediated upregulation of nuclear-(PGC-1α, PPARα, NRF1, TFAM, PDK4, CS, COXIV) and mitochondrial-(COXI , COX II, ND1, ND4) encoded genes targeted by PGC-1α occurs in a systematic manner, and 2) if higher intensities of exercise are required to induce a systematic upregulation of nuclear and mitochondrial genes.
Materials and Methods
Experimental design
D r a f t
In order to investigate the effect of submaximal and maximal intensity exercise on the expression of nuclear-and mitochondrial-encoded genes, participants completed two acute bouts of work-matched interval exercise at ~73% (low; LO) and ~100% (high; HI) of work rate (WR)
at VO 2 peak in a randomized cross-over design. All experimental procedures were approved by the Health Sciences Human Research Ethics Board at Queen's University and conformed to the Declaration of Helsinki. Verbal and written explanation of the experimental protocol and associated risks were provided to all participants prior to obtaining written informed consent.
Participants
Ten healthy males volunteered to participate in the study (participant characteristics are presented in Table 1 ). At the time of enrolment, all participants were recreationally active, but not involved in more than 3 hours of aerobic exercise (running, jogging, etc.) per week.
Physiological testing
During their first visit to the lab, participants completed a VO 2 peak incremental ramp test to exhaustion on a cycle ergometer (Monark, Ergomedic 874E, Varberg, Sweden) and anthropometric measurements (height and weight) were obtained. Briefly, the ramp protocol consisted of five minutes of load-less cycling followed by a step increase to 80 watts (W) for one minute and subsequent increases in WR of 25 W·min -1 until volitional fatigue (determined by the inability of the participant to maintain a cadence of 60 RPM). however, if RPM fell below or above 80, intervals were added or removed such that the target amount of work achieved in both HIT sessions were the same. Actual and prescribed kilocalories and the number of intervals performed is presented in Figure 1 A and B, respectively. HR data is presented in Figure 1 C.
Determination of muscle glycogen content
Glycogen content was determined using the Periodic Acid Schiff (PAS) (Quadrilatero et al. 2010) . Images were acquired with a bright field Nikon microscope linked to a PixelLink digital camera. Individual images were taken across the entire muscle cross-section and assembled into a composite panoramic image using Microsoft Image Composite Editor (ICE) Transcript levels were determined on an ABI 7500 Real Time PCR System (Foster City, CA, USA) using the following protocol: 1 cycle at 95ºC for 15 minutes, 40 cycles of 95ºC for 15 seconds, 30 seconds at 59ºC, and 72ºC for 36 seconds, followed by a dissociation curve to assess specificity of the reaction. Primer set efficiencies were determined using real-time PCR with an appropriate cDNA dilution series prior to sample analysis. Average primer set-specific 
Results
Exercise bout characteristics and glycogen depletion
External work performed was not different between groups ( Figure 1A ) and, as designed, participants completed significantly (p < 0.05) more intervals during the LO than HI condition ( Figure 1B ). HR at the end of intervals 2-8 was significantly higher during HI than LO ( Figure   1C ). A main effect of time (p < 0.05) was observed for glycogen depletion, with no difference between conditions (Figure 2A ). Representative glycogen images are presented in Figure 2B .
Nuclear and mitochondrial encoded gene expression
PGC-1α mRNA increased following both acute exercise bouts and was significantly (p < 0.05) higher following HI (LO: +442% vs. HI: +845%; Figure 3A ). PDK4 mRNA increased significantly (p < 0.05) following LO, whereas PPARα, NRF1, and CS mRNA increased following HI. However, changes in PPARα, NRF1, and CS mRNA expression was not different between exercise bouts (PPARα: LO: +20% vs. HI: +22%; NRF1: LO: +8% vs. HI: +20%; CS:
LO: +8% vs. HI: +12%; Figure 3A ). The expression of the nuclear-encoded genes, TFAM, CS, and COXIV were unchanged following both acute exercise bouts as were the mitochondrialencoded genes, COXI, COXII, ND1 and ND4 ( Figure 3A ). 
Coordinated expression of nuclear and mitochondrial-encoded genes
Discussion
In the initial hours following acute exercise a systematic upregulation of nuclear and mitochondrial-encoded genes is observed in mouse skeletal muscle (Safdar et al. 2011, Saleem and Hood 2013) . The present study examined whether a similar systematic induction of nuclearand mitochondrial-encoded genes targeted by PGC-1α is present in the early post-exercise response period in human skeletal muscle. Additionally, we examined whether the magnitude of change in nuclear and mitochondrial gene expression was exercise intensity-dependent. Unlike the response present in mice following exercise (Safdar et al. 2011, Saleem and In response to acute exercise, PGC-1α translocates to the nucleus and mitochondrial matrix in mice (Safdar et al. 2011, Saleem and Hood 2013) and human skeletal muscle (Little et al. 2010 , 2011 , Smith et al. 2013 where it is proposed to coordinate mitochondrial biogenesis by controlling the expression of nuclear-and mitochondrial-encoded genes (Puigserver et al. 1998 , Wu et al. 1999 , Handschin et al. 2003 , Mootha et al. 2004 , Ramachandran et al. 2008 , Safdar et al. 2011 . Acutely exercising mice results in a concomitant increase in nuclear and mitochondrial PGC-1α content, and an upregulation of nuclear, (PGC-1α, PDK4, NRF1, TFAM, CS, COXIV, cytochrome c) and mitochondrial-encoded gene expression (COXI, ND1, ND4) immediately after exercise, and 3 hours into recovery (Safdar et al. 2011, Saleem and Hood 2013) . Given that the expression of PGC-1α is greatest at near-maximum intensities (Edgett et al. 2013) , and PGC- Further, the coordinated expression of nuclear and mitochondrial genes previously reported in mice (Safdar et al. 2011 ) and humans (Little et al. 2011) were accompanied by increases in nuclear PGC-1α protein content. Therefore, it is plausible that of our lack of observed systematic upregulation of nuclear and mitochondrial genes may be the result of PGC-1α not being redistributed to the nucleus. Future investigations should attempt to determine changes in the cellular redistribution of PGC-1α following acute exercise of differing intensities and doses and their impact on the expression of nuclear-and mitochondrial-DNA encoded genes.
It is also possible that the recreational activity status of our participants may have contributed to the lack of coordinated induction of PGC-1α targets that has been previously observed in response to supramaximal interval exercise in elite cyclists (Psilander et al. 2010 ).
However, while training status is an important factor to consider in future studies, especially in light of recent demonstrations that the genetic response to exercise can be altered following training (Serpiello et al. 2012 , the bulk of the literature (Nordsborg et al. 2010 , Popov et al. 2015 and the results of the current study suggests that the early induction of genes targeted by PGC-1α is not coordinated. These findings, together with D r a f t the observations of the current investigation, suggest that the early response of individual genes targeted by PGC-1α may be regulated differently during, and following supramaximal exercise intensities or larger exercise doses such that a coordinated response may exist following these conditions.
Alternatively, it is possible that the time-point measured in the current study failed to capture a systematic upregulation of nuclear-and mitochondrial-encoded genes that occurred later in the post-exercise period. Supporting this contention, the expression of nuclear-encoded genes targeted by PGC-1α demonstrate divergent temporal patterns of upregulation following exercise in humans with several genes (including PGC-1α) being rapidly upregulated, and others failing to increase until 24 hours post-exercise (Cartoni et al. 2005 , Perry et al. 2010 . While this suggests that coordinated increases of PGC-1α target genes may occur over time following exercise, our results, and those of others (Perry et al. 2010 , Barrès et al. 2012 , Percival et al. 2015 , Popov et al. 2015 suggest that regulation of mitochondrial gene expression is considerably more complicated than currently understood. Specifically, it would appear that PGC-1α is controlled by mechanisms that result in its rapid induction following exercise (Norrbom 2003 , Little et al. 2010 , 2011 , Perry et al. 2010 , Edgett et al. 2013 , Jensen et al. 2015 , while other PGC-1α targets (both nuclear and mitochondrial encoded) are upregulated by different mechanisms that follow a longer time course.
The demonstration that PGC-1α is not required for exercise induced mitochondrial biogenesis (Leick et al. 2007 , Rowe et al. 2012 ) raises the possibility that the transcriptional response to exercise in muscle is under the control of a host of transcription factor co-activators and transcription factors that combine to determine the transcriptional response to exercise.
Further, while the mitochondrial genes examined in the current investigation were not D r a f t systematically upregulated in response to exercise it is possible that genes outside of the PGC-1α targets measured here may have responded in a systematic manner. In order to fully characterize the transcriptional response of the entire mitochondrial genome to acute exercise future research should utilize high-throughput techniques such as microarrays.
In summary, the coordinated, systematic, upregulation of nuclear-and mitochondrialencoded genes that occurs in mouse skeletal muscle following exercise (Safdar et al. 2011, Saleem and Hood 2013) appears not to be conserved in humans. The lack of a systematic upregulation of PGC-1α target genes in the current study highlights the need for a reappraisal of the current understanding of the coordination of mitochondrial biogenesis via PGC-1α, and the need for more research examining mechanisms controlling both PGC-1α gene expression and the expression of other PGC-1α target genes.
The impact of exercise intensity and intramuscular glycogen content on PGC-1α expression
Comparable reductions in muscle glycogen content were present in response to an acute bout of HI and LO exercise, which suggests that the overall metabolic stress imposed on the skeletal muscle by the two different exercise bouts was similar. Despite this observation, PGC-1α expression was greater following the HI intensity exercise, and is consistent with previous reports (Egan et al. 2010 , Edgett et al. 2013 ). This suggests that factors regulating PGC-1α expression/activity outside of those resulting from differences in the magnitude of metabolic stress imposed on the exercising muscle by different exercise intensities, influences PGC-1α expression (e.g. hormonal response, sub-cellular distribution, etc. (Benton et al. 2008) ).
Interestingly, in response to LO, PGC-1α expression was correlated with reductions in glycogen content, which suggests that individual changes in glycogen content may influence PGC-1α activity at this intensity. This is supported by reports that the amount of, or localization of D r a f t glycogen particles can directly or indirectly impact intracellular signaling and gene expression (Philp et al. 2012 (Philp et al. , 2013 . Collectively, these findings suggest that PGC-1α expression increases with exercise intensity, and that this response may be mediated in part by changes in glycogen content in response to sub-maximal intensity exercise.
Individual coordinated response in the expression of select mitochondrial genes
Interestingly, while a coordinated upregulation of nuclear and mitochondrial PGC-1α
target genes was not observed in the current study, correlational analysis revealed a coordinated expression of only the mitochondrial encoded genes following both LO (COXI, COXII, ND1
and ND4) and HI (COXI, COXII, ND1 and ND4). Thus, while evidence of a coordinated increase in mitochondrial genes was not present at a group level, and fold changes in gene expression were at best modest at an individual level (all < 1.8 fold), the effect sizes of the correlations between mitochondrial genes were all in excess of r=0.6. While the biological significance of these associations are not currently known, these findings, coupled with the lack of association of PGC-1α expression with these genes suggests that the expression of mitochondrial encoded genes are under the control of a common mechanism that is different from the mechanism controlling PGC-1α expression. Translocation of PGC-1α to the mitochondrial matrix is a likely candidate given observations that PGC-1α redistributes to the mitochondrial matrix in response to exercise in humans (Smith et al. 2013 ). The tumour suppressor protein p53 is another potential candidate as it has been demonstrated to translocate to the mitochondrial matrix with a concomitant increase in mitochondrial encoded gene expression in response to acute exercise in mice (Saleem and Hood 2013) ; however, a recent investigation in humans reported no change in mitochondrial p53 content following 60 minutes of cycling at ~70% VO 2 peak (Tachtsis et al. 2016) . While the mechanism(s) responsible for the apparent D r a f t coordination of mitochondrial-encoded gene expression following exercise in humans is unknown, identification of these mechanisms and their interaction with PGC-1α and/or other transcription factors are an important area for future investigation.
Conclusions and future directions
Dissimilar to mice, a systematic upregulation of nuclear-and mitochondrial-encoded genes is not present in human skeletal muscle in the initial hours following an acute bout of either LO or HI exercise. The disassociation between PGC-1α expression and the expression of other PGC-1α targeted mitochondrial genes suggests that exercise induced upregulation of gene expression is differentially regulated during the initial hours following acute exercise in humans.
However, the coordinated expression of mitochondrial-encoded genes suggests that an unknown regulatory mechanism coordinates their induction, and may link the expression of nuclear-and mitochondrial-encoded genes in response to acute exercise in humans. Future investigations should attempt to describe the unique mechanism(s) regulating the expression of mitochondrial genes and the time-course of their expression in human skeletal muscle in response to exercise.
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